Lung cancer is a major cause of death worldwide, with tobacco smoking being the primary risk factor. Each year, more than one million people are diagnosed with lung cancer, most of which is related to smoking (Parkin et al., 2001) . Cigarette smoke contains numerous compounds, including components of benzo [a] 
pyrene (B[a]P). B[a]P is a polycyclic aromatic
hydrocarbon generated by combustion and is found in significant amounts in tobacco smoke (Duarte and Paschoal, 2005; Pfeifer et al., 2002) . B[a]P is a procarcinogen that requires metabolic activation by cytochrome P450-dependent oxidation and epoxide hydrolysis to form carcinogens (Chen et al., 2003; Kelley et al., 2005) , including the metabolite antibenzo[a]pyrene-trans-7,8-diol-9,10-epoxide (anti-BPDE). Animal studies have clearly shown that the tumorigenic activity of B[a]P is primarily attributable to its metabolite anti-BPDE. Studies by Gyorffy et al. (2004) , Li et al. (2001 Li et al. ( , 2007 , and Rojas et al. (2001 Rojas et al. ( , 2004 suggest that anti-BPDE can bind to nuclear DNA and initiate carcinogenesis (Xie et al., 2003) . However, the mechanism involved in anti-BPDE-induced tumorigenesis is not fully understood.
Human squamous cell carcinoma in the lung originates from bronchial epithelial cells. We have previously used the human bronchial epithelial cell line 16HBE to establish a malignant transformation model induced by anti-BPDE (Jiang et al., 2001) . 16HBE cells retain the specific morphology and function of normal human bronchial epithelial cells (Gruenert et al., 1995) , therefore, malignant 16HBE cells induced by anti-BPDE provide a suitable cell model system with which to study mechanisms of human lung carcinogenesis.
Molecular alterations that target inactivation of tumor suppressor genes and activation of proto-oncogenes play key roles in the development of multistage carcinogenesis (Spandidos, 2007) . The Ras genes are an important family of protooncogenes, which is comprised of H-Ras, K-Ras, and N-Ras, all of which code for membrane-associated proteins with 188 amino acids (Friday and Adjei, 2005) . These proteins act as ''molecular switches'' that link extracellular signals through membrane receptors to intracellular responses (Cox and Der, 2003; Downward, 2003) . The Ras proteins cycle between inactive GDP-bound and biologically active GTP-bound forms in response to various signals. Activated Ras targets a number of downstream effectors and affects diverse cellular functions, including proliferation, differentiation, migration and apoptosis (Ehrhardt et al., 2002) . Ras genes are activated in 40% of human tumors, including lung, pancreatic and colorectal cancer (Kim et al., 2002) . Ras point mutations at codons 12, 13, and 61 alter the GTPase enzyme activity and may alter tumorigenic potential (Pronk and Bos, 1994) . Most studies have focused on mutation analysis of the Ras gene family, especially K-Ras (Badalian et al., 2007; Ji et al., 2006; Keohavong et al., 2005) . Point mutations play an important role in Ras gene activation. However, this is not the only means of promoting carcinogenesis. In vitro experiments have demonstrated that besides the mutation, the overproduction of Ras protein is sufficient to confer a transforming potential in cultured cells (Stacey and Kung, 1984) . Moreover, experiments in human tumor specimens have shown that overexpression of Ras at the RNA and protein level is a consistent feature in a wide range of human cancers (Field and Spandidos, 1990) . In addition, high expression of Ras genes has been detected in small-cell lung cancer cell lines (Khanzada et al., 2006) and cervical cancer (Mammas et al., 2004) . However, no study has yet investigated the expression of the Ras gene family and its role in malignantly transformed human bronchial epithelial cells induced by the B[a]P metabolite anti-BPDE.
RNA interference (RNAi) is a sequence-specific posttranscriptional gene-silencing mechanism, which is triggered by double-stranded RNA (dsRNA), and causes degradation of mRNAs homologous in sequence to the dsRNA (Clark and Ding 2006; Willingham et al., 2004) . RNAi is a powerful tool for studying gene function (Elbashir et al., 2002; Ovcharenko et al., 2005) . In this study, we analyzed the expression of the Ras gene family in a malignantly transformed human bronchial epithelial cell line induced by anti-BPDE, and subsequently established an N-Ras-silencing model using short hairpin RNA (shRNA), to explore the role of N-Ras in carcinogenesis, by soft agar growth assay in vitro and tumor growth in vivo.
MATERIALS AND METHODS
Cell culture. The transformed 16HBE cells (16HBE-T), induced by anti-BPDE, and the untransformed control 16HBE cells (16HBE-N) were established in our laboratory as previously reported (Jiang et al., 2001) . Briefly, to generate the 16HBE-T cell line, 16HBE cells (presented by Professor Jun Xu from Guangzhou Medical College, Guangzhou, China) received four 24-h treatments with anti-BPDE (98.3% purity, NCI Chemical Carcinogen Reference Standard Repository, Midwest Research Institute, Kansas City, MO) at a concentration of 2.0 lmol/l, followed by 30 passages in culture. The 16HBE-N control cells were treated with DMSO (Sigma, St Louis, MO) at a concentration equivalent to that used to create the 16HBE-T cells. The malignant features of 16HBE-T cells were assessed by culture on soft agar and tumorigenesis in nude mice. The 16HBE-N cells did not manifest these features (Jiang et al., 2001) . Both cell lines were cultured in minimum essential medium (MEM; Gibco BRL, Grand Island, NY) supplemented with 10% calf serum, 100 IU penicillin G and 100 lg/ml streptomycin. The cells were maintained in 25-cm 2 flasks in a humidified atmosphere containing 5% CO 2 at 37°C. Cells were passaged by treating with 0.02% ethylenediaminetetraacetic acid and 0.25% trypsin (Gibco BRL) in D-Hanks buffer every 3 days.
Reverse transcription-PCR. Total cellular RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. RNA concentration and quality were assessed by A260/280 (Eppendorf BioPhotometer, Germany), and the integrity was analyzed by electrophoresis on a 1% agarose gel. To determine the expression level of Ras genes in 16HBE-T cells, quantitative RT-PCR was used with the following isoform-specific primers: N-Ras (GenBank accession No. NM_002524) forward: 5#-GAAAAGCGCACTGACAATCC-3#, reverse: 5#-CACCACACA-TGGCAATCCC-3#; H-Ras (NM_005343) forward: 5#-CAAGAGTGCGCT-GACCATCC-3#, reverse: 5#-CCGGATCTCACGCACCAAC-3#; K-Ras (M54968) forward: 5#-CACCATCTTCAGTGCCAGTC-3#, reverse: 5#-TGTGGAAGGTAGGGAGGC-3#. As a control, the expression level of b-actin (NM_001101) was analyzed, using the following primers: forward 5#-CCATCGTCCACCGCAAAT-3#, reverse 5#-TGCTCGCTCCAACCGACT-3#. The RT and amplification reactions were performed using a Promega Access RT-PCR kit (Promega, Southampton, UK). The RT conditions were 45°C for 45 min, followed by an initial denaturation step of 94°C for 2 min. The PCR conditions consisted of 30 cycles at 94°C for 30 s, 48.5°C (N-Ras and b-actin) or 52.5°C (H-Ras) or 47.5°C (K-Ras) for 1 min and 68°C for 2 min. The reaction ended with a final extension of 7 min at 68°C. The resultant PCR products were 510 bp (N-Ras), 448 bp (H-Ras), 123 bp (K-Ras), and 212 bp (b-actin). PCR products were electrophoresed on a 1.5% agarose gel and visualized by staining with ethidium bromide. For quantification, an image of the gel was captured, and the intensity of the bands was quantified using a Gel Doc 1000 gel analysis system (Tanon, Shanghai, China).
Western blotting and immunoprecipitation assay. Total protein was extracted using cell lysis buffer (Cell Signaling Technology, Beverly, MA) from subconfluent cells growing in 75-cm 2 plates. Adherent cells were washed with phosphate buffered saline (PBS) and lysed with 400 ll of 13 lysis buffer for 5 min on ice, then scraped into 1.5-ml centrifuge tubes and sonicated for 20 s. After removal of cell debris by centrifugation (4°C, 14,000 3 g, 10 min), protein-containing supernatants were stored frozen or used immediately. Protein concentration was determined using the Bradford assay (Tiangen, Beijing, China) according to manufacturer's instructions. Fifty micrograms of protein were boiled for 5 min in loading buffer, separated using 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a PVDF membrane (Millipore Corp, Bedford, MA). The membrane was blocked with 5% nonfat dry milk in TBS-T buffer (20mM Tris, 500mM NaCl, 0.1% Tween 20) for 1 h at room temperature, with agitation. Target protein and b-actin were quantified on the same membrane by dividing the membrane into two pieces according to the molecular weight of prestained protein standards (Tiangen, Beijing, China). The membrane piece with higher molecular weight proteins was incubated with primary antibody against b-actin (Cell Signaling Technology) at 1:1000 dilution overnight at 4°C, whereas the other membrane piece was incubated with primary antibody against K-, H-, or N-Ras (Santa Cruz Biotechnology, Santa Cruz, CA) at 1:100 dilution. After being washed three times with TBS-T for 10 min, the membranes were incubated with horseradish peroxidase (HRP)-labeled rabbit anti-mouse IgG (DakoCytomation, Ely, UK) at 1:1000 dilution, and HRP-conjugated goat antirabbit IgG (KPL, Baltimore, MD) at 1:250 dilution for 1 h at 37°C, with agitation, followed by three washes with TBS-T. Proteins were visualized using enhanced chemiluminescene (Cell Signaling Technology) and scanned with the Gel Doc 1000 gel analysis system (Tanon).
K-and H-Ras were immunoprecipitated using 500 lg whole-cell lysate protein by overnight incubation with anti-K-Ras or anti-H-Ras monoclonal antibody (1-2 lg antibody per 100-500 lg total protein), with gentle mixing on a shaker at 4°C. Immunocomplexes were collected following incubation with protein G plus/protein A agarose suspension (15 ll of suspension per microgram primary antibody) (Calbiochem, La Jolla, CA) for 1-3 h at 4°C. After washing four times with 1 ml of 13 lysis buffer, immunocomplexes were boiled for 5 min in 20 ll of 33 loading buffer. The samples were subjected to 15% SDS-PAGE, and Western blotting as described above.
Plasmid construction. The cDNA sequence of N-Ras was obtained from Genbank (NM_002524) and four different targeting sequences were designed using Invitrogen's RNAi algorithm available on line (https://rnaidesigner. invitrogen.com/rnaiexpress/index.jsp). Sequences were verified using BLAST SILENCING OF N-RAS GENE EXPRESSION to avoid off-target gene silencing. The following oligonucleotides were inserted into the pGPU6/GFP/Neo plasmid vector (GenePharma Corporation, Shanghai, China) using the BbsI and BamHI restriction sites. The underlined sequences targeted the N-Ras gene, and the bold italic letters indicate the loop sequence. NRas-791 (nt 791-811) sense 5#-caccGGTTGTATGGGATTGCCATGTttcaagagaACATGGCAATCCCATACAACCTTTTTTg-3#, antisense 5#-gatccAAAAAAGGTTGTATGGGATTGCCATGTtctcttgaaACA-TGGCAATCCCATACAACC-3#; NRas-613 (nt 613-633) sense 5#-caccGCCAACAAGGACAGTTGATACttcaagagaGTATCAACTGTCCTTGTTGGCTTTTTTg-3#, antisense 5#-gatccAAAAAAGCCAACAAGGACAGTTGATACtctcttgaaGTATCAACTGTCCTTGTTGGC-3#; NRas-305 (nt 305-325) sense 5#-caccGCACTGACAATCCAGCTAATCttcaagagaGATTAGCTGGATTGTCAGTGCTTTTTTg-3#, antisense 5#-gatccAAAAAAGCACTGACAATCCAGCTAATCtctcttgaaGATTAGCTGGATTGTCAGTGC-3#; NRas-566 (nt 566-585) sense 5#-caccGACTCGGATGATGTACCTATttcaagagaATAGGTACATCATCCGAGTCTTTTTTg-3#, antisense 5#-gatccAAAAAAGACTCGGATGATGTACCTATtctcttgaaATAGGTACATCATCCGAGTC-3#. Near the end of all shRNA sense templates was a 6-nt poly(T) tract that is recognized as a termination signal by RNA pol III, which terminated shRNA synthesis. The 5# ends of the two oligonucleotides were non-complementary and formed the BbsI and BamHI restriction site overhangs that facilitated efficient directional cloning into the pGPU6/GFP/Neo plasmid vector.
Sense and antisense sequences were annealed in 103 shDNA Annealing Buffer (Promega, Southampton, UK) by incubating oligonucleotides for 5 min at 95°C, 5 min at 85°C, 5 min at 75°C, and 5 min at 70°C, followed by slow cooling to 4°C. The annealed DNA fragments were ligated into pGPU6/GFP/ Neo vector, which was first cut with BbsI and BamHI.
Transient transfection of pGPU6/GFP/Neo-NRas shRNA. Transfection was performed at approximately 80% confluency in six-well plates (Corning, NY) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Briefly, a total of 2.5 3 10 5 cells were seeded into each well in MEM containing 10% calf serum without antibiotics, the day before transfection. Four micrograms of purified pGPU6/GFP/Neo-shRNA expression vectors, which contained the N-Ras shRNA insert (pGPU6/GFP/Neo-NRas-791, pGPU6/GFP/Neo-NRas-613, pGPU6/GFP/Neo-NRas-305, and pGPU6/GFP/ Neo-NRas-566) and two control vectors (pGPU6/GFP/Neo-shNC purchased from GenePharma, which targets GTTCTCCGAACGTGTCACGT sequences, and does not match any gene, and pGPU6/GFP/Neo, which does not contain an insert), were transfected into 16HBE-T cells with 10 ll of Lipofectamine 2000 reagent. After 48 h transfection, RT-PCR and Western blotting were done to assess the efficiency of N-Ras knockdown.
Stable transfection. G418 is an analog of neomycin. For stable transfection, the optimal concentration of G418 for selection was determined by titration before transfection. About 2 3 10 4 cells were seeded into each well of a 24-well dish (Corning). After 24 h, cells were cultured with G418 concentrations of 0, 200, 400, 600, 800, 1000, 1200, and 1400 lg/ml. The lowest concentration of G418 initiated cell death in approximately 7-9 days and killed all cells within 2 weeks. After 24-to 48-h transfection as described above, cells were cultured with MEM with 10% fetal bovine serum (FBS) with the optimal concentration of G418. After 2 weeks, resistant cell clones were picked and transferred to 24-well plates and gradually expanded to six-well plates and 10-cm dishes. At 90% confluence, N-Ras expression was measured with Western blotting.
Cell-cycle detection. Cells (1 3 10 6 ) were enzymatically harvested, washed twice using PBS, fixed in 4 ml of cold 70% ethanol at 4°C overnight, and washed twice using 0.1% Triton X-100 in PBS. The cells were stained with propidium iodide (20 lg/ml in PBS; Sigma) and RNase A (200 lg/ml in PBS; Sigma) at 37°C for 30 min, then analyzed immediately by flow cytometry (FACScan, BD Biosciences, San Jose, CA) (Song et al., 2006) .
Soft agar assay. Transformed and control cells (1 3 10
3 ) in MEM containing 10% serum were suspended in 2 ml of 0.35% low-melting-point agarose (Sigma), and seeded into six-well plates (Corning) coated with 0.6% low-melting-point agarose in MEM containing 10% serum. Colonies with at least 50 cells were counted at 14 days (Shevde et al., 2006; Wang et al., 2006) .
Tumorigenicity. Five-week-old BALB/c nude mice were provided by Guangzhou University of Traditional Chinese Medicine (Guangzhou, China). All animal protocols were reviewed and approved by the Animal Care and Use Committee. Transformed and control cells were removed by trypsinization, washed twice with PBS and suspended in MEM. A total of 5 3 10 6 cells in 0.2 ml of culture medium were injected subcutaneously in the right shoulder pads of nude mice. The mice were kept in a pathogen-free environment and monitored every 3 days for tumor formation. Tumor volume was calculated using the following formula: ½ 3 a 3 b 2 as described previously (Hao et al., 2007; Sun et al., 2007) , where a is tumor length, and b is tumor width. All mice were sacrificed after 4 weeks, and the tumors were removed, weighed and fixed in 10% buffered formalin for pathological examination.
Statistical analysis. Values were expressed as mean ± SD from three separate experiments, and analyzed using SPSS 15.0 for Windows (SPSS, Inc, Chicago, IL). Comparison of Ras expression at the mRNA and protein levels between 16HBE-T and 16HBE-N cells was made using Student's t-test.
Comparison of N-Ras mRNA and protein expression after N-Ras silencing, proportion of cells at each phase, colony formation rate, tumor volume and tumor weight were assessed with one-way ANOVA. Differences were considered significant at p < 0.05.
RESULTS

Overexpression of Ras Gene Family
Total RNA was electrophoresed on a 1% agarose gel and showed two bright bands that corresponded to 28S and 18S RNA, with a ratio of intensities of 1.8-2.2:1. The quality of RNA was suitable for use in the following experiments. Figure 1 shows H-, K-, and N-Ras expression at the mRNA and protein levels in 16HBE-T and 16HBE-N cells. Compared with control 16HBE-N cells, the levels of H-, K-, and N-Ras mRNA transcripts analyzed with RT-PCR were increased by 2.2 ± 0.4, 1.3 ± 0.1, and 3.6 ± 0.7-fold in 16HBE-T cells, respectively (all p < 0.05) (Fig. 1A ). Western blotting indicated that H-, K-, and N-Ras protein expression in 16HBE-T cells was increased by 1.3 ± 0.1, 1.5 ± 0.2, and 1.6 ± 0.2-fold compared with 16HBE-N cells, respectively (all p < 0.05) (Figs. 1B and 1C) . Because N-Ras expression at both mRNA and protein levels in 16HBE-T cells was the highest, we focused on the role of N-Ras in malignant transformation induced by anti-BPDE.
Silencing of N-Ras Expression with shRNAs
To gain further insight into the specific function of N-Ras in malignantly transformed 16HBE cells, we developed a shRNA interference approach to selectively downregulate cellular N-Ras expression. Four plasmids were constructed and designated as pGPU6/GFP/Neo-NRas-791, pGPU6/GFP/Neo-NRas-613, pGPU6/GFP/Neo-NRas-305, and pGPU6/GFP/NeoNRas-566. Proper construction of the plasmids was confirmed by cutting with restriction enzymes. Positive clones were verified by DNA sequencing. The mRNA levels of N-Ras were compared in the parental cell line, two transfection control cell 288 ZHOU ET AL.
lines and four N-Ras-silencing cell lines. As shown in Figure 2A , mRNA expression in 16HBE-T cells transfected with pGPU6/ GFP/Neo-NRas-791, pGPU6/GFP/Neo-NRas-613, pGPU6/ GFP/Neo-NRas-305, and pGPU6/GFP/Neo-NRas-566 was reduced by 60, 92, 69, and 95%, respectively, in comparison with parental 16HBE-T cells (all p < 0.05). There was no difference in N-Ras expression among parental groups and two control groups (p > 0.05). To evaluate inhibition of N-Ras protein synthesis, Western blotting was done. N-Ras proteins were strongly expressed in cells of both parental and control groups. However, 16HBE-T cells transfected with pGPU6/ GFP/Neo-NRas-613 and pGPU6/GFP/Neo-NRas-566 plasmids decreased N-Ras protein expression level by 58 and 93%, respectively, whereas 16HBE-T cells transfected with pGPU6/ GFP/Neo-NRas-791 and pGPU6/GFP/Neo-NRas-305 reduced protein expression by 34 and 45%, respectively (all p < 0.05) (Figs. 2B and 2C ). The silencing effect was specific, as b-actin levels did not differ significantly among the silencing cells and controls. pGPU6/GFP/Neo-NRas-566 with greatest silencing efficiency was selected for further study.
Establishment of Stable N-Ras-Downregulated Clonal Cell Line
After 2 weeks G418 titration, 400 lg/ml G418 was identified as the effective selection concentration. pGPU6/GFP/NeoNRas-566 transfected cells were cultured for 2 weeks in MEM containing 10% FBS and 400 lg/ml G418. Three clonal cell lines of pGPU6/GFP/Neo-NRas-566-1, pGPU6/GFP/NeoNRas-566-2, and pGPU6/GFP/Neo-NRas-566-3 were picked and cultured for 2 months. The persistence of N-Ras silencing in clonal cell lines was assessed. Although there were no differences in expression levels between parental groups transiently transfected with pGPU6/GFP/Neo-shNC and pGPU6/GFP/Neo, three clones pGPU6/GFP/Neo-shNC-1, pGPU6/GFP/Neo-shNC-2, and pGPU6/GFP/Neo-shNC-3 from pGPU6/GFP/Neo-shNC remained negative for N-Ras protein expression following stable transfection. Western blotting analysis of the clones demonstrated that N-Ras protein expression decreased by 29% (pGPU6/GFP/Neo-NRas-566-1), 86% (pGPU6/GFP/Neo-NRas-566-2) and 82% (pGPU6/GFP/ Neo-NRas-566-3) as compared with parental 16HBE-T cells (all p < 0.05). Clones pGPU6/GFP/Neo-shNC-1, pGPU6/GFP/Neo-shNC-2, and pGPU6/GFP/Neo-shNC-3 showed similar N-Ras protein levels when compared with parental 16HBE-T cells (all p > 0.05) (Fig. 3) . Based on these results, pGPU6/GFP/Neo-NRas-566-2 and pGPU6/GFP/ Neo-shNC-2 clonal cell lines were cultured and designated as 16HBE-T-NRas and 16HBE-T-Neg, respectively, and used for further study.
Change of Cell Cycle by N-Ras Gene Silencing
To monitor the effect of N-Ras shRNA targeting on the cell cycle, the DNA content of shRNA-transfected 16HBE-T cells was analyzed by FACS after stable transfection. In comparison to 16HBE-T, 16HBE-T-NRas showed cell accumulation in the G 0 /G 1 phase (73.5 ± 9.0%) and reduction in the S-phase (18.0 ± 4.1%) (p < 0.05), whereas 16HBE-T-Neg showed no significant differences in cell-cycle distribution in comparison with 16HBE-T (p > 0.05) (Fig. 4) . These results suggest that RNAi-mediated silencing of N-Ras led to G 0 /G 1 phase arrest in 16HBE-T cells. 
SILENCING OF N-RAS GENE EXPRESSION
Decrease of Transformation Efficiency In Vitro and Inhibition of Tumor Growth In Vivo
We examined if N-Ras shRNA transfection would affect transformation efficiency of 16HBE-T cells in vitro and tumor growth in vivo. The transfected 16HBE-T-NRas cells formed markedly smaller colonies in soft agar than 16HBE-T or 16HBE-T-Neg cells, and the rate of their anchorage-independent colony growth was markedly decreased by 47% (Fig. 5) . One mouse in the group inoculated with 16HBE-T cells died 1 day after injection. Four mice in each group injected with 16HBE-T or 16HBE-T-Neg cells grew tumors 7 days after inoculation. The group of mice inoculated with 16HBE-T cells all showed tumor growth by day 9, and the mice injected with 16HBE-TNeg cells all grew tumors by day 11. In contrast, only one mouse in the group injected with 16HBE-T-NRas cells grew tumors by day 9, and five of eight mice were monitored for tumor growth until the study ended. Tumor growth was measured every 3 days. As shown in Figures 6A and 6B , the group of mice inoculated with 16HBE-T-NRas cells grew smaller tumors more slowly than the other two groups treated with 16HBE-T or 16HBE-T-Neg cells (p < 0.01). Tumor growth in mice receiving 16HBE-T and 16HBE-T-Neg cells was not significantly different (p > 0.05). Pathological examination indicated that the mice that received 16HBE-T, 16HBE-T-Neg, and 16HBE-T-NRas cells showed growth of squamous cell carcinoma. Compared with the other two groups, the 16HBE-T-NRas group showed smaller cancer nests, less pathological karyokineses and sinusoids, with richer interstitial tissues and more necrosis (Fig. 6C) .
DISCUSSION
The Ras family of genes, composed of H-, K-, and N-Ras, coordinate multiple biological outcomes, including cell proliferation, transformation, cell-cycle progression, differentiation, migration, apoptosis, cell survival and immune responses (Wolfman et al., 2002) . Previous studies have characterized Ras mutations, particularly K-Ras mutations, which are frequently found in lung cancer (Okudela et al., 2004; Petmitr et al., 2003) . However, few studies have examined expression patterns of Ras genes in lung epithelium, and little is understood concerning the precise role of N-Ras in carcinogenesis.
The malignant transformation model of 16HBE cells induced by anti-BPDE was successfully established in our institute and used to explore the mechanisms of anti-BPDEinduced tumorigenesis. In the current study, we showed that the expression of Ras genes at the mRNA and protein levels was higher in transformed cells than that in untransformed control 16HBE cells, which implies that the overexpression of Ras genes may have a potential role in the carcinogenesis of anti-BPDE. Ras gene overexpression has been reported in other studies of lung cancer cell lines and other cancers (Khanzada et al., 2006; Kim et al., 1997; Mammas et al., 2004) . Our results showed that N-Ras expression at both the mRNA and protein levels was highest in malignantly transformed cells. This finding is consistent with that of Kim et al., who found that N-Ras protein level is higher than either K-or N-Ras protein level in colon carcinoma (Kim et al., 1997) . Causes of gene overexpression may include mutation and misamplication. The specific mechanism responsible for N-ras overexpression in anti-BPDE-transformed cells will be the focus of future studies. Because N-Ras expression is elevated more than H-and K-Ras, we paid close attention to N-Ras and explored its role in malignantly transformed 16HBE cells induced by anti-BPDE, using RNAi.
RNAi is an effective experimental tool for studying gene function. Posttranscriptional gene expression can be mediated by 21-nt short interfering RNA (siRNA). However, the effect of siRNA that is transfected transiently into cells is restricted because of low transfection efficiency and the short-term persistence of silencing effects. Recently, the vector-based approach of shRNA interference has been developed in order to achieve stable, long-term, and highly specific suppression of gene expression in mammalian cells (Siolas et al., 2005) . The short hairpin dsRNA can be cleaved by Dicer in cells to generate siRNA, which provides the active form of RNAi. In our study, we used a plasmid vector that was ligated with shRNA and expressed siRNA against N-Ras, and established stable, N-Ras downregulated clonal cell lines. This assured Some studies have suggested that overexpression of Ras genes leads to enhancement in malignant phenotype (Asamoto et al., 2002; Ota et al, 2000; Tsuda et al, 2001) . Moreover, study by Zhang et al. (2006) suggests that K-Ras knockdown using adenovirus-mediated siRNA inhibits the growth of lung cancer cells in vitro and in vivo. Additionally, Yang et al. (2003) have shown that silencing of H-Ras expression by retrovirus-mediated siRNA decreases transformation efficiency and tumor growth in a human ovarian cancer cell line. In our study, soft agar growth and tumorigenicity assays, both in vitro and in vivo, revealed that N-Ras knockdown resulted in the inhibition of transformation growth and tumorigenicity of malignant transformation cells. This suggests that, although N-Ras expression was elevated by only 3.6-and 1.6-fold, at the mRNA and protein levels in malignant transformed cells, respectively, N-Ras may function as a key mediator of cell growth and tumorigenicity, and is a promising target for lung cancer treatment.
One of the mechanisms of N-Ras in tumorigenesis is likely involved in cell-cycle arrest. Cell-cycle arrest can be induced in G 1 , G 2 , and S-phase. Cells passing through S-phase are the most susceptible to genotoxic stress (Zhou and Bartek, 2004) . The S-phase checkpoint causes only transient, reversible delay in cell-cycle progression, mainly by inhibition of new replicon initiation and thereby slowing down DNA replication (Lukas et al., 2004) . In G 1 and G 2 phase, cell-cycle arrest allows DNA repair, and in S-phase arrest, DNA replication slows down as a consequence of repair processes. Our results showed that downregulation of N-Ras induced G 0 /G 1 cell arrest and decreased the number of cells in S-phase, which suggests that N-Ras overexpression provides a proliferative advantage to malignant transformation cells. Similarly, it has previously been shown that suppression of H-Ras in a human ovarian cancer cell line can increase G 0 /G 1 cell arrest and decrease the number of cells in S-phase (Yang et al., 2003) . Tumors develop because of an imbalance between cellular proliferation and death. Increased cellular proliferation has long been regarded as the predominant cause of tumors; however, cancer cells survive if they fail to undergo apoptosis, or programmed cell death. Thus, further studies are also needed to detect apoptosis and elucidate the exact mechanism of cell-cycle regulation revealed in this study and to determine whether N-Rasknockdown-induced cell-cycle arrest is a general phenomenon in chemically induced oncogenesis.
In conclusion, this is believed to be the first report of the differential expression of the Ras gene family in malignantly transformed cells induced by anti-BPDE. This indicates that overexpression of Ras genes plays an important role in chemically induced oncogenesis. In addition, we developed a stable, long-term N-Ras shRNA interference system in human bronchial epithelial cells. This system enabled us to provide definitive evidence that N-Ras silencing resulted in G 0 /G 1 arrest, decreased efficiency of transformation, and, more importantly, impeded tumor growth. Therefore, N-Ras may become a potential target for gene therapy, and shRNA interference may be a powerful tool against oncogene expression, and may be used therapeutically against human lung cancer. 
